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present state of our knowledge of the folding process ofAbstract. How a conformationally disordered polypep-
tide chain rapidly and efficiently achieves its well-defined this enzyme and focus in particular on recent experi-
native structure is still a major question in modern ments to probe some of its specific features. These
results are then discussed in the context of the ‘new view’structural biology. Although much progress has been
of protein folding based on energy surfaces and land-made towards rationalizing the principles of protein
structure and dynamics, the mechanism of the folding scapes. It is shown that a schematic energy surface for
lysozyme folding, which is broadly consistent with ourprocess and the determinants of the final fold are not yet
known in any detail. One protein for which folding has experimental data, begins to provide a unified model for
been studied in great detail by a combination of diverse protein folding through which experimental and theoret-
techniques is hen lysozyme. In this article we review the ical ideas can be brought together.
Key words. Protein folding; hen egg white lysozyme; biophysical methods; kinetic partitioning; folding intermedi-
ates; folding domains; nonnative interactions; energy surface.
Introduction
While it is widely accepted that the amino acid sequence
contains all the information required to achieve the
native molecular architecture of at least most proteins
[1], the detailed process by which an unfolded polypep-
tide chain achieves its specific three-dimensional (3D)
structure is not yet understood. Unravelling the mecha-
nism of protein folding would constitute a major ad-
vance in our understanding of the manner in which the
genetic code is translated into biological activity. It
would also provide a basis for the rational modification
and design of proteins and help in the prediction of
their folds from amino acid sequences. The fact that
folding occurs many orders of magnitude more rapidly
than predicted by a random search of conformational
space [2, 3] indicates that the nature of the interactions
that develop within a protein structure serve to direct
the folding process towards the native state. Moreover,
although the events in the folding of globular proteins
appear to be diverse and complex [4], insights into their
nature have begun to emerge from both experimental
and theoretical studies, leading to optimism that the
underlying principles of protein folding will soon be-
come well established [5, 6]. These recent advances have
led to the so-called ‘new view’ of protein folding [7, 8].
This new view, which is based on ‘averaged effective
energy surfaces’ [3, 9] or ‘energy landscapes’ [8–10],
replaces the concept of sequential events with that of
parallel events, and describes the folding process as a
progressive organization of an ensemble of partially
folded structures. Individual molecules have individual
trajectories on the effective energy surface, and al-
though an ensemble of molecules explores a large num-
ber of conformations, any particular molecule samples
only a very limited region of conformational space.
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The lysozyme story so far
Hen lysozyme is one of the best characterized and most
studied of all biological macromolecules. This small
monomeric protein of 129 residues (Mr 14305) contains
many of the structural motifs commonly found in glob-
ular proteins (fig. 1). It is made up of two structural
domains, one consisting of four a-helices and a C-termi-
nal 310 helix (referred to as the a-domain) and the other
consisting of a triple-stranded antiparallel b-sheet, a 310
helix and a long loop (the b-domain). Furthermore, a
short double-stranded antiparallel b-sheet links these
two domains, as does one of the four disulphide bridges.
The kinetics of folding of this protein with its four
disulphide bonds intact has been studied extensively
using a variety of different techniques. Thus, by
combining hydrogen-exchange labelling, using two-di-
mensional nuclear magnetic resonance (NMR) spec-
troscopy [13, 14] and electrospray ionization mass
spectrometry (ESI-MS [15]), with stopped-flow ab-
sorbance, fluorescence, and near and far ultraviolet
(UV) circular dichroism (CD) experiments [14, 16–20],
it has been possible to propose a detailed model for the
in vitro folding process of this enzyme [21, 22].
This folding process has been found to be a complex
mechanism under most conditions. It appears not to be
a simple sequential assembly process but to involve
parallel events with distinct kinetic profiles. The earliest
detected events [time constant (t)B2 ms] include both
formation of extensive, although fluctuating, secondary
structure (only marginal protection from hydrogen ex-
change is apparent at this stage [14, 23]), and a substan-
tial degree of hydrophobic collapse. Far-UV CD
experiments provide evidence for the formation of at
least a substantial proportion of the native secondary
structure within a few milliseconds after initiation of
folding [14, 17–19], and various fluorescence parame-
ters (intrinsic fluorescence intensity, anilinonaphthale-
nesulfonic acid (ANS) binding, and quenching of
fluorescence by iodide ions) suggest that formation of a
relatively condensed structure occurs on the same very
short time scale [20]. Recent ‘dead-time’ labelling exper-
iments [23] reveal the formation of an embryonic na-
tive-like structure in the a-domain at this very early
stage of folding which, although only marginally stable,
is probably significant in laying the foundations for the
later stages of folding. Interestingly, such secondary
structure with native-like character has been shown to
speed up the search in the collapsed state for the native-
like folding ‘core’ in simulations of the folding of a
125-mer protein [24]. The hydrophobically collapsed
state which is formed at the onset of the folding process
of lysozyme has been suggested to have properties char-
acteristic of equilibrium molten globule states [14, 17–
21, 23].
Following this initial collapse, kinetic heterogeneity is
observed in the folding behaviour of lysozyme, and
intermediate states become populated. About 15% of
molecules refold in a very slow reaction with a time
constant in the range of 20 s; folding of this population
of molecules might be limited by cis-trans isomerization
of one or both peptide bonds containing proline
residues [16]. This very slow phase is not considered
further in this paper. Hydrogen-exchange labelling stud-
ies [14, 15] indicate that at pH 5.5 and 20 °C the
majority (70%) of the remaining molecules acquire ex-
tensive hydrogen-exchange protection in one of the two
domains of the protein (the a-domain) before the other.
For amides in this region, biphasic kinetics of protec-
tion are observed, with time constants of 5 to 10 ms and
65 ms, and average amplitudes of 20 and 50%, respec-
tively. Thus, along this major folding route alternative
‘subpathways’ exist, both leading to the accumulation
of a well-defined intermediate in which the a-domain is
persistently structured in the absence of a stable b-do-
main. The amides located in the latter domain subse-
quently become protected from exchange in a slow
and rate-limiting reaction (t:350 ms). In this pro-
cess, the two structural domains that make up the
native fold (fig. 1) thus behave as distinct ‘folding
domains’. In addition, the similar rates of protection
of different amides within both domains suggest that
the formation of each domain is a highly coopera-
tive process, which does not merely reflect the dif-
Figure 1. Schematic view of the structure of hen egg white
lysozyme [11]. The two structural lobes in the native structure
which form distinct folding domains are highlighted red (a-do-
main) and blue (b-domain). The four disulphide bonds are also
shown. The diagram was drawn using the program MOLSCRIPT
[12].
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ference in the type of secondary structure in each do-
main [21].
The remaining 30% of molecules are observed to
achieve a significant degree of protection against ex-
change in both domains on a much shorter time scale
[15], forming apparently native-like structure with a
time constant of10 ms. Remarkably, this value corre-
sponds to the folding rate observed in studies of a
number of small single-domain proteins for which fold-
ing occurs by an effective two-state process without any
detectable intermediates [22, 25, 26].
This kinetic partitioning between fast and slow refold-
ing molecules appears to arise from conformational
heterogeneity formed early in the folding process. In-
deed, refolding experiments from denatured states
having different conformational properties [27] indicate
that these complexities in the folding arise from the
ensemble of conformations resulting from the collapse
process and not as a consequence of residual inter-
actions in the denatured state. Similarly, recent
stopped-flow, double-jump experiments [28] have con-
firmed that the kinetic complexity in lysozyme re-
folding is not due to a heterogeneous population of
slowly interconverting unfolded species, for example
arising from the occurrence of cis proline isomers in
the unfolded state. Heterogeneity of the collapsed state
and not of the unfolded state, therefore, provides a
mechanism for the generation of kinetically distinct
populations of folding molecules [22, 27], some of
which already display substantial native-like features
after the initial rapid collapse, while others need first
to reorganize, a potentially slow reaction in a com-
pact state [14]. The four preexisting disulphide bonds
might be one of the determinants for the kinetic
heterogeneity of the lysozyme folding process [19,
22].
The lysozyme story continued
In this paper, we summarize recent experiments which
shed more light on the folding process of lysozyme,
and we relate the findings from these experiments to
the ‘new view’ of protein folding, and discuss the possi-
ble nature of the energy surface on which folding
occurs.
Fast and slow tracks in lysozyme folding
One notable aspect of the lysozyme folding process is
that on the fast folding track, along which about 30% of
the molecules acquire native-like hydrogen-exchange
protection in both the a- and b-domains with t:10
ms, there is no detectable corresponding fast phase in
near-UV CD experiments ([20]; A. Matagne, S. E. Rad-
ford and C. M. Dobson, unpublished data, fig. 2a). This
results in uncertainty about the time scale of formation
of the fully native functional enzyme. In an attempt to
resolve this intriguing issue, we have investigated in
detail the kinetics of binding of the competitive in-
hibitor MeU-diNAG (4-methylumbelliferyl-N,N%-di-
acetyl-b-D-chitobioside) during lysozyme folding [26].
In these experiments specific binding of this fluores-
cently labelled inhibitor to the enzyme active site, which
lies between the two structural folding domains, has
been used to determine directly the rate of formation of
the functional native protein. The data at 20 °C (fig. 2b)
indicate that two distinct kinetic events, with time con-
stants and amplitudes of about 100 ms and 25% for the
fast phase and 350 ms and 75% for the slow phase, can
be detected in the MeU-diNAG binding kinetics. The
striking correspondence in the amplitudes of the two
phases judged by hydrogen exchange labelling and the
inhibitor binding studies strongly suggests that both
methods monitor the same populations of refolding
molecules, which form the native state along two dis-
tinct folding tracks [26].
For those molecules folding along the fast track (ca.
25% of molecules), although hydrogen-exchange protec-
tion occurs for both domains in a fast phase (t:10
ms), formation of the active site requires a subsequent
step with t:100 ms. We have proposed [26], therefore,
that the fast track in refolding occurs via an intermedi-
ate which has extensive persistent native-like structure
in both the a- and b-domains, but yet which is not
entirely native since the active-site cleft is not formed as
judged by its incapacity to bind the competitive in-
hibitor. This intermediate accumulates because it forms
prior to the rate-limiting step, which may be associated
with the reorganization and docking of the two partly
struc-tured domains to form the active site and the fully
native state. From these findings, it might be expected
that multiexponential kinetics would also be observed
when monitored by near-UV CD. However, the high
level of complexity of the near-UV CD signal might
well be the explanation for an apparently single expo-
nential refolding process in the near-UV CD experi-
ments [26].
Conversely, for those molecules folding along the slow
track (ca. 75% of molecules), the coincidence between
the rate of formation of the active site and that of the
slow step of protection of amides in the b-domain
(t:350 ms) suggests that the active site could be
achieved cooperatively with the formation of a native-
like b-domain and its integration into the native struc-
ture. Alternatively, a subsequent step could occur
sufficiently rapidly relative to the formation of the b-
domain that it is not detected in the kinetic analysis.
Interestingly, this would allow the t:100 ms step ob-
served on the fast track to be a feature of folding on the
slow track. Further experiments are needed to distin-
guish between these two situations.
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Figure 2. The folding kinetics of lysozyme initiated by 11-fold dilution (pH 5.5) from 6 M GndHCl at 20 °C (a–d) and 50 °C (e– f).
Time constants and amplitudes are given here with errors representing standard deviations. Data have been normalized such that the
value of the native state is 100%; in each case, the value of the denatured state is shown (	). (a) Near-UV CD (289 nm); (b) binding
of the fluorescent inhibitor MeU-diNAG; (c, e) far-UV CD (225 nm); (d, f) intrinsic tryptophan fluorescence (adapted from [26, 31]).
Recently, a new molecular dynamics procedure [29] has
allowed an investigation of the hen lysozyme unfolding
process. This approach, which is based on the artificial
insertion of water molecules into suitable cavities aris-
ing in the protein structure during unfolding, indicates
that the first – rate-limiting – transition corresponds to
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the ‘unlocking’ of the two lysozyme folding domains.
The resulting compact ‘unlocked’ structure maintains
much of the native secondary structure but loses
many fixed tertiary interactions and the integrity of
the enzyme active site, and thus appears to be similar
to that suggested for the late folding intermediate oc-
curring on the fast, and possibly on the slow, folding
tracks [26, 29].
Non-native interactions and cooperativity in the
lysozyme folding process
Stopped-flow optical experiments have played an im-
portant role in understanding the folding pathway of
lysozyme [14, 17, 19, 20]. The refolding kinetics of
lysozyme at 20 °C monitored by intrinsic fluorescence
and far-UV CD are illustrated in figure 2c, d. With
both techniques a significant dead-time event is ob-
served, which corresponds to the formation of the col-
lapsed state described above. Following this very
rapid event, development of excess negative ellipticity
occurs in the far-UV CD, whereas quenching of the
tryptophan fluorescence results in a minimum in the
intrinsic fluorescence intensity. In both cases these
phases (t:30 ms) reach a maximum amplitude at
100 ms. In the third and slowest phase (t:400 ms)
each signal attains its final native-state value. Remark-
ably, the formation of significant hydrogen-exchange
protection in the a-domain of lysozyme during folding
occurs on a time scale similar to that of the develop-
ment of excess negative ellipticity in the far-UV CD
and of the quenching of tryptophan fluorescence in-
tensity to an extent greater than that of the native
state. The similarity in the kinetics suggests that both
techniques are monitoring the same series of events
during the folding process; and even though there has
been no definitive evidence for the molecular origin of
these events, these steps have commonly been at-
tributed to the formation of the a-domain intermedi-
ate and the subsequent formation of the native state
(see e.g. refs 20, 25, 30).
Recently, by changing the refolding conditions, we
have demonstrated that the accumulation of the a-do-
main intermediate and the development of both the
overshoot in the far-UV CD and the minimum in the
fluorescence intensity are indeed highly correlated [31].
Stopped-flow fluorescence and CD spectroscopy were
used in conjunction with quenched-flow hydrogen-ex-
change labelling, monitored by ESI-MS, to compare
the refolding kinetics at 20 and 50 °C. At 50 °C both
the overshoot in the far-UV CD and the minimum in
fluorescence intensity disappear, and the major phase
observed at 50 °C in both experiments fits to a single
exponential process with a time constant of 80 to 100
ms (fig. 2e, f). In addition, hydrogen-exchange la-
belling experiments monitored by ESI-MS carried out
at the two temperatures show significant differences
(fig. 3). At 20 °C (fig. 3a) three well-defined species
with different masses can be detected over the time
course of the experiment [15]. One of them corre-
sponds to the unprotected enzyme (i.e. the fully un-
folded state) and is denoted P0. Another peak, P50,
which is 50 Da higher in mass, corresponds to the
fully protected state (i.e. the native-like state) which
protects 50 sites significantly from exchange. The third
peak, P28, which shows intermediate protection be-
tween the unprotected and the fully protected states,
corresponds to the a-domain intermediate (28 pro-
tected amides) which accumulates transiently along
the slow folding track.
At 50 °C (fig. 3b) there is clear evidence for distinct
fast and slow refolding populations, as observed at
20 °C, although folding occurs significantly more
rapidly. The folding process is, however, substantially
more cooperative at 50 °C, and in particular, the a-
domain intermediate is not detected by hydrogen-ex-
change labelling at 50 °C. Instead, the kinetics of the
disappearance of P0 correlate closely with the appear-
ance of P50 (t:6 and :140 ms for the fast and slow
phases, respectively), whereas at 20 °C the unprotected
state (P0) decreases in intensity in two phases (t:10
and :100 ms) much faster than the fully protected
state (P50) appears (t:16 and :350 ms). Addition
of 2 M NaCl, however, restores at 50 °C the charac-
teristic minimum in fluorescence intensity observed at
20 °C and the protection associated with the a-do-
main intermediate (fig. 3c). The presence of a high
salt concentration appears to stabilize the intermediate
significantly. That fluorescence and hydrogen-exchange
protection change concomitantly therefore strongly
suggests that the accumulation of the a-domain inter-
mediate and the development of unusual optical prop-
erties observed during refolding are highly correlated
[31].
These results support the view that this transient spe-
cies contains non-native interactions [14, 19, 32, 33]
and indicate that the rate-determining step in the for-
mation of the native state for the slowly folding pop-
ulation of molecules involves structural reorganiza-
tion. This is likely to be associated with the formation
and stabilization of structure within the b-domain,
and from rearrangement of the interfacial region be-
tween the two domains. Therefore, the a-domain in-
termediate is not seen as a kinetically trapped
intermediate which slows the refolding process [28].
Rather, it accumulates simply because of its intrinsic
stability even in the absence of the fully folded
b-domain, for which the formation of structure is
rate limiting. In this respect, it is remarkable that at
50 °C, where the a-domain is not detected, we
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observe a kinetic heterogeneity which is reminiscent of
that observed at 20 °C, where the intermediate is highly
populated. These findings indicate that destabilization
of the a-domain intermediate does not suppress the
slow folding track, and thus support the contention that
this folding intermediate does not by itself generate a
kinetic trap to slow the folding reaction [31].
Schematic energy surface for lysozyme folding
The folding of proteins is increasingly being viewed in
the context of energy surfaces or landscapes [6, 8,10,
34]. In this view of folding, intermediates result from
the existence of barriers that generate local minima in
the energy surface. There is no need for the concept of
on- or off-pathway species; fast and slow folding popu-
lations can simply result from the distributions of
molecules encountering such minima [8, 35]. In the case
of lysozyme under the conditions of the present experi-
ments, folding of the majority of molecules at both 20
and 50 °C appears to be limited by the slow folding of
the region of the polypeptide chain that corresponds to
the b-domain. Whether this is associated with the need
to reorganize alternative global folds, or more local
features such as alternative conformations of side
chains or of disulphide bonds, is not yet clear. But the
experiments discussed here suggest that formation of
stable native-like structure in the a-domain does not by
itself result in barriers to rearrangement that limit the
folding reaction.
Recently, a schematic energy surface (fig. 4) has been
proposed for lysozyme [6] which is broadly consistent
with the experimental data for lysozyme discussed in
this article. The general format of this surface is based
on the results of simulations using simple lattice models
to describe folding, and represents the averaged effec-
tive energy (E) of folding as a function of a progress
variable, Q, which is the fraction of contacts present in
the native structure that are formed at a given stage of
folding. The third axis, P, is related to the configura-
tional entropy of the system and describes the extent of
conformational space accessible to the polypeptide
chain [6]. This schematic surface (fig. 4) is designed to
illustrate at least in outline the three major experimental
features of the lysozyme folding reaction (at 20 °C), i.e.
the early collapse with very rapid formation of native-
like secondary structure, the sampling of distinct inter-
mediate species during folding and the existence of
complex kinetics arising from partitioning between fast
and slow populations of refolding molecules. Thus,
significant minima can be seen along the effective en-
ergy surface prior to the transition region for the forma-
tion of the native state, and there are fast and slow
Figure 3. Refolding kinetics of lysozyme at 20 °C (a) and 50 °C in
the absence (b) and in the presence (c) of 2 M NaCl as monitored
by hydrogen-exchange labelling and ESI-MS. Time courses of the
population of the unprotected state (, P0), the a-domain inter-
mediate (, P28) and species with native-like protection (, P50)
are shown (adapted from [31]).
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trajectories separated by a ‘ridge’ which inhibits ex-
change between them.
The early collapse of the polypeptide chain is represented
by the steep drop at the top of figure 4. That this is
indicated to occur at relatively low values of Q reflects
the fact that few native-like contacts may be needed for
collapse to occur; the driving force is likely to be simply
the burial of hydrophobic groups [6, 36]. From this
highly heterogeneous collapsed state, nativelike structure
develops independently in the two structural domains,
and hence intermediates are formed. Along the slow
folding track, the faster folding of the a-domain relative
to the b-domain results in a partially folded state with
native-like structure within one of the two domains of
the overall fold. In the energy surface of figure 4 this
corresponds to the deep minimum on the right-hand
side. Conversely, along the fast folding track, the inter-
mediate state with extensive native-like structure within
both domains is represented by the minimum on the
left-hand side of the diagram. A barrier is represented in
this region to reflect the fact that the two partly struc-
tured domains coalesce in a slower step which results in
the formation of the fully functional native state.
Experimental findings imply that the rate-limiting step in
the folding process for the slow folding population of
lysozyme molecules involves the reorganization of mis-
folded species [14, 31, 33]. Such rearrangement processes
are likely to be subject to significant barriers associated
with interactions within the collapsed polypeptide chain
[6]. Thus, the slow folding species have to go over a
higher barrier to reach the native state (fig. 4, green
trajectory) or to unfold and return to the fast folding
pathway (fig. 4, red trajectory). The details of such events
are not clear, although it is apparent from the experimen-
tal hydrogen-exchange data that for most molecules
significant unfolding of the a-domain itself does not
occur once it has formed [31]. The schematic surface
shown in figure 4 reconciles at least qualitatively both the
kinetic partitioning and the distinct intermediates char-
acterizing the lysozyme folding process. It emphasizes
the formation at the onset of the reaction of a largely
heterogeneous collapsed state with few specific interac-
tions. It is at this stage that kinetic partitioning occurs
with the subsequent population of intermediate states.
That parallel folding routes exist is due to significant
barriers to the interconversion between slow and fast
folding populations.
This surface is, however, constructed to explain the
folding behaviour of lysozyme under a given set of
conditions. If these are altered, the surface will be
altered, and changes in the folding behaviour will occur.
For example, at 20 °C the minima on the surface are
sufficiently deep that intermediates can accumulate. At
50 °C, however, experiments show that the a-domain
intermediate does not accumulate except in the presence
of high concentrations of salt, conditions known to
stabilize other partially folded states of proteins [37].
Presumably in the absence of salt, the interactions stabi-
lizing this intermediate are not sufficient to offset the
increased configuration entropy of a polypeptide chain
at higher temperature. Other features of the surface, for
example that enabling kinetic partitioning to occur early
in folding, appear not to be changed significantly by the
increase in temperature from 20 to 50 °C. Variation in
solution conditions, along with other approaches such as
site-directed mutagenesis, will undoubtedly enable the
energy surfaces, and the interactions that they reflect, to
be probed in greater detail.
Conclusions
The energy surface discussed here is highly schematic
and designed to begin to provide a framework on which
Figure 4. Schematic averaged effective energy surface based on
experimental data for lysozyme folding. The averaged effective
energy (E) and a parameter P related to the configurational
entropy of the system are shown as a function of the progress
variable Q, which corresponds to the fraction of native contacts
formed in the refolding molecules. Several possible folding trajec-
tories are show: a fast folding trajectory (yellow); a slow folding
trajectory that crosses the high energy barrier (green); a slow
folding trajectory that returns to a less folded state and then
follows the valley corresponding to the fast folding trajectory
(red). Reprinted with permission from: Dobson C. M., Sali A. and
Karplus M. (1998) Protein folding: a perspective from theory and
experiment. Angew. Chem. 100: 4000–4025, © 1998 Academic
Press, London.
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experimental and theoretical ideas can develop. The
‘new view’ of folding does not, as figure 4 indicates,
replace the ideas of pathways and intermediates, but
places them within the context of an ensemble picture
of the conformations present during a folding reaction.
In this article, we have tried to indicate how the com-
plexities in the experimental data for lysozyme can be
rationalized at least in outline in terms of a relatively
simple energy surface. The challenge now is to find
methods of providing much greater detail about the
events occurring in folding, and to relate these to the
specific characteristics of the protein sequence. In par-
ticular, we need to develop structured approaches to
allow folding to be probed at the level of individual
residues. NMR spectroscopy represents a particularly
promising approach for progress towards this objective
[38], along with strategies based on protein-engineering
methodologies [39].
As part of these general approaches to mapping the
surface of folding, the study of intermediates trapped
by mechanisms such as those described in this paper is
important, as it can provide considerable insight into
the nature of incompletely folded species which under
other circumstances are too transient to characterize in
any detail. In the case of lysozyme, for example, the
ability to study the a-domain intermediate reveals that
formation of the different characteristics of the native
structure can be decoupled. In particular, it is clear that
native-like secondary structure and an overall native
fold, revealed by highly protected amide hydrogens,
can form during folding in the absence of the close
packing and high cooperativity that are characterized
by the near-UV CD and fluorescence properties of
aromatic residues. Such intermediate species, which
have been observed for a number of proteins [40, 41],
have become of particular interest in the case of
lysozyme, not just because of the insight that they give
into the nature of the folding process, but also because
their stabilization in variant forms of the human
protein resulting from single point mutations has re-
cently been implicated in the formation of fibrils associ-
ated with familial amyloidosis [42]. Further study of
the folding of model systems such as lysozyme, there-
fore, promises to have significance beyond that associ-
ated with the unravelling of the fundamental principles
of folding.
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